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Background
— Why do we want to change to lasers from radio transmitters?
— How lasers work — history of laser, types of lasers
— Applications for lasers

Lasers for telecom
Deep Space Optical Communications (DSOC) lasers

Downlink laser

— Design

— Candidate results

Uplink laser

— Design

— Candidate systems and preliminary test results

Future work
Summary
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JPL Motivation

California Institute of Technology

 Why do we want to change to lasers from radio transmitters?

— Higher carrier frequency (shorter wavelength)
« Supports higher modulation rates

c=fA
c = speed of light

f = frequency
A = wavelength
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Motivation

Why do we want to change to lasers from radio transmitters?

— Higher carrier frequency (shorter wavelength)
» Less divergence
= Increased power efficiency

RF Link @ Optical Link

~ 0.1 Earth diameter




Jp" Motivation

 Why do we want to change to lasers from radio transmitters?

— Leverage industrial development
« Telecom has moved to laser comm with fiber optic based transmitters
« High power laser development for machining

—> robust, compact and reliable lasers

Section 337 Seminar 2018 5



aPL Laser tutorial

Jet Propulsion Laboratory
California Institute of Technology

« History of laser
Theodore Maiman (Hughes Research Lab.), having invented the first working laser (“optical
maser’) on May 16, 1960, described it as "a solution looking for a problem" because so few

appreciated its manifold possibilities.
Pulsed flash-lamp pumped ruby laser

100% reflective
mirror
Power — Quartz flash tube
)
supply 3 Ruby crystal

Switch

Polished aluminum Laser beam
reflecting cylinder  ggo, reflective
mirror

= Solid state crystal laser, gas lasers, diode laser, quantum well lasers, fiber amplifier, dye, FEL...

« How lasers work

— Laser needs:
» Gain medium to produce stimulated emission

energy source (pump)
2

« Resonator that amplifies light reflector >
3 4 high reflector
. 4= y
absorption Spontansous emission Stimulated emission \
) E Upper level
g—'E E—% E E _._ \ [
= 0 = sy
8-8) Fb T ' a ™ ™ » -
(R = ™ S BVEW. gain medium
- Pteaton 5 | laser beam
2 ¥ E E
Lower level atom !
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JPL

sy Laser tutorial

« How telecom lasers work

— Semiconductor seed laser
— Fiber based laser/ampilifier:

* Low brightness pump light — semiconductor laser
» Absorption in core to amplifier signal to give high brightness output

top contact

cladding (P)
output facet

active layer

bottom contact

Semiconductor Laser

Erbium doped glass energy diagram
Unstable short-

"\' lifetime state

Quasi-stable
intermediate state

980nm
pump

1480nm

U 1525-1565 nm

Ground state

Outer cladding:
Pump injection Low-index polymer coating

High power,
high brightness
laser signal

Inner cladding:
Multimode waveguide
Core: to trap pump light

~ Input Yb-doped, single-mode

signal waveguide

Erbium-Ytterbium co-doped fiber energy diagram

Energy Transfer
2Fss2 v T
= radiationiess
i decay 975 nm
915 nm
Tar
975 nm 1030 nm
1550 nm 1450 nm
2F712 ) -
Yb3+ Er3+
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prm'@ Laser Applications

* Medical:
— dermatology: removing tattoos, hair, tumors
— ophthalmology: lens repair, reattaching a damaged retina

— oncology: treating cancer through photodynamic therapy, diagnosing
tumors

— surgery, dentistry, veterinary medicine

* Astronomical Observations:
— Laser guide stars

* Science:
— Atom cooling
— Time transfer

 Machining, welding
- Directed energy

« Power beaming
- Remote sensing . I
« Ranging, lidar §
« Entertainment — laser light shows

« Telecommunications:
— Underwater
— Fiber based
— Free space Section 337 Seminar 2018 8
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https://en.wikipedia.org/wiki/File:Commercial_laser_lines.svg

prm'@ Lasers for Telecommunication

Fiber — min. attenuation of silica at 1.5 pum
3
%25 Multimode
5 2|
:é; 15 OH Absorption peak
: X Smgl/e;o;\‘\\ \ |

Wavelength (nm)

I'_T‘_‘._.T._‘._._H_.TT_______774f:77f‘_,7 _______ AT T T T A e 1

: . .......... . : 7
Data 4' Transmitter [ Cg:z:gg - | Channel —— Cg;g(l:l:g L» | Receiver [ Data
. i 3 |

/ \ * Modulation
Laser|{Modulator ffr"f‘a — Directly modulated laser (~2.5 Gbps)

et ; S Averags

B Dover Emifed — External
Electro-absorption modulator (40 Gbps)
Mach-Zehnder modulator (40 Gbps)
— Intensity and phase modulation formats

0.5 =
Intrinsic Losses_—*" e / \ ,/
o (mainly Rayleigh Scattering) ——
800 900 1000 1100 1200 1300 1400 1500 1600

* Laser (master) oscillators
— Distributed feedback (DFB) laser

— Large drive power, several Watts

diodes ; G
— More complex, requires stabilization
— Narrow spectrum, controlled
wavelength o

Courtesy MIT/LL

DFB laser
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JPL

oy Lasers for Telecommunication

[ Tarasssanansanannans ggauguganuoooaaae 4 i ausaaudaaauaanaaas 1
M pinna N AR R | AL !
| 5 q ;] = |
. i :{ Couplin i {Coupling |1
Data Transmitter ——» pLng » | Channel > | £ e
I'il optics ; | optics ||
I |

I Receiver }—'

Laser|— Modulator

Average
power limited

* Erbium-doped fiber amplifiers (EDFAs)
— Power up to 20 W average S
— High gain up to ~50 dB
— Wall plug efficiency up to ~15%

Section 337 Seminar 2018
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Jp" L asers for Telecommunication

Transmitter Amplifier Characteristics

« High Power and Efficiency
* High Gain

— Saturates easily, output power insensitive to dynamic range of input fluctuations

— Extracts maximum power over wide range of input powers

— Stable output power

Enables variable duty-cycle pulse position modulation (PPM) format

« Single spatial and polarization mode

— Efficient power delivery in the far field

— Background light discrimination

— Less amplified spontaneous emission noise transmitted

Section 337 Seminar 2018
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JPL

Jet Propulsion Laboratory

California Institute of Technology

Laser Modulation Performance

Variable Duty Cycle Signaling Scheme

Average Power Limited (APL) Transmitter

Peak Power = Average Power
[DC + ER(1-DC)]
DC = Duty Cycle
ER = Extinction Ratio
Optical
Sourca 1 Modulator r EDFA
~ —

Amplitude, [relative]

Variable Duty Cycle Input Waveforms

155 Mbps
r r r
+ L4 L]
M ;1311 Mbps N
"": -'"". ."1 -!'1 f l'"i l'-‘:

" 1
s () BZZMbljs s

MW\IM

Time, [nsec]

10

APL Output Waveforms

T 0.155 Gbps
T - 0.311 Gbps
I == 0.622 Gbps
I —_— 1.244 Gbps

Amplitude, [relative]

0 2 Time, [nsec] 8 10

* No transmit power penalty
Constant average power at all rates
Peak power increases with reduction in
data rate
» Variable duty-cycle PPM simplifies receiver
Single optical prefilter matched to highest
data rate used for all data rates
* No receiver sensitivity penalty at lower data rates

Section 337 Seminar 2018

Courtesy MIT/LL
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Jp" L asers for Telecommunication

Transmitter Limiting Factors
« Transmitter power efficiency: saturated dynamic range of output

« Transmitter modulation extinction ratio (ER)
- LOW ER ey o GP o~ §\§

s - B
| s o5 \ | Poy
: § i3
L Pl = > 83 § 1Poor ER ER =
T T T i

PoH
E
S = = : »
P =GP & B Time
fopica™S = 7 S\ Wasted TX HPA
eepage = Wasted power

Amp Average
power limited

* Reduces signal power and degrades bit error rate (BER)
* Increases intra-symbol interference for intensity modulation

— Optical modulators require active control to maintain ER

« Transmitter fiber nonlinearities scatter or shift signal out of band
— Stimulated Raman Scattering (SRS)
— Self Phase Modulation (SPM)
— Stimulated Brillouin Scattering (SBS)

— Four Wave Mixing (FWM)
« SBS can be mitigated by broadening the signal spectrum or linewidth
* SRS has higher threshold for occurrence

— Mitigate with large core fiber, reduce fiber lengths, increased doping

Section 337 Seminar 2018 13



Jmplm Transmitter Fiber Nonlinearities

California Institute of Technology

Er:Yb Cladding Pumped Amplifier Spectrum for
Varying Peak Input Powers

S — I —— R — R —
"Amplified _: Threshold for Nonlinearites:
= 10 -Signal A —— Py, = A /gy Loy~ 400 W Peak |-----
S 2 D i / SRS
S -20 P iy > S e S
E \
o T L L ol e e o ek
7
ot
=
B e
=
@
50 Lol el S
-60 13

1500 1550 1600 1650 1700

Wavelength, [nm]
* Nonlinearity induced spectrum shifts usable signal power out of band

Section 337 Seminar 2018



JPL | asers for Space Communications

California Institute of Technology

 Downlink laser
— Deliver science data
— High data rate

— Wavelength and signaling compatible with
photon counting receivers

— Robust, compact and power efficient design
— Leverage high reliability components

Downlink Laser:
Seen on ground (OTOOLE)

¢ Up“nk Iaser Beacon as sen by

.- My OPALS camera on ISS
— Beacon reference for spacecraft pointing,
acquisition and tracking

— High power with good beam quality

— Uplink telemetry channel

— Compatible with photon counting receivers
— Leverage industrial applications

100 200 300
-El

Uplink Laser:
Seen from space (OPALS)
Section 337 Seminar 2018 15



SPL JPL Laser Communication Demonstrations

Jet Propulsion Laboratory
California Institute of Technology

2.5 W COTS laser trapSmitter<

OTOOLE 50 Mbps downlink, ©OK madulation

0.08 W OOK laser transmitter
50 Mbps downlink

0.5 W DPSK/PPM laser transmitter’ : : : 0.5 W PPM laser transmitter
1.2 Gbps downlink i ’ ‘ Up to-622 Mbps downlink

Section 337 Seminar 2018




JPL  Deep-Space Optical Communications (DSOC)

Jet Propulsion Laboratory
California Institute of Technology

Spacecraft

Psyche +——Flight Laser

gl Transceiver
(2022) =5 i

4\W Downlink
- Laser
22-cm Tel.

—8— 5m Hale Night |
—&— 5m Hale Day
MRO Ka-Band

Data-Rate (Mb/s)

Beacon & Uplink

1064 nm
1: 1:5 2 1.6 kb/s
Range (AU) ' @0.4AU

Performance using 4W average laser power with
22 cm flight transceiver to 5m ground telescope

Ground Laser Transmitter (GLT)
Table Mtn., CA

5kW Uplink Laser

1-m Tel.

Deep Space
Network

Ground Laser Receiver (GLR) rm

Palomar Mtn., CA ——— """ 7
Photon Counting Det. B

5-m Hale Tel.

,:-‘l. XS =
il T MOC

'ﬁF’f’é-'I!cisional Infor@nsim Planning and Discussion Purposes Only 17
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JPL Lasers in Space Comparison

California Institute of Technology

How different are lasers used for deep space compared to near earth?

Class Distance Max Laser Power (W) | Data Rate | Wavelength
(km) P peak (Mb/s) (nm)

OTOOLE 400-1000 Downlink 0.080 0.160
(2009) Uplink 0.030 0.060 (comm) 2 819
4 (beacon) 801
LEO OPALS 400-1000 Downlink 2 4 507 1550
(2014-16)
Uplink 10 - cw 976
GEO LCRD 40,000 Downlink 0.5 8 1200 15XX
(2019)
Uplink 10 300 (comm) 1200 15XX
20 (beacon)
Lunar LLCD 400,000 Downlink 0.5 8 622 15XX
(2013)
Uplink 40-60* 160* 20 15XX

Deep Space DSOC (1-300) x 10° Downlink 640 267 1550

(2022)

Uplink 20,000** 0.002 1064

S Gbps demonstrated from LEO - NFIRE *Total from 4-6 lasers ** Total from 10 lasers



Jet Propulsion Laboratory

DSOC Downlink Laser

Section 337 Seminar 2018



JPL

Jet Propulsion Laboratory
California Institute of Technology

DSOC Downlink Laser

Key Performance Specifications

Wavelength (nm)
Average Power (W

)

Max. Peak Power (W)

PRF (MHz)

Modulation Format*
Pulse width Slot size (ns)
Line-width (nm)
Polarization
Polarization Extinction
Extinction Ratio (dB)

Mode Quality (M?)
Pulse Energy Variation (%)

Wallplug Laser Efficiency (

Packaging, Reliability

Athermal Operation
* 25 % guard time

(°C)

%

(PER)

)

1550
4
640
0.4 -400
PPM 16 - 128
05,1,2,48
<0.05
Linear
>17
>33
<1.2
<5
> 10

Min. SWaP, redundant critical
components, > 1 yr lifetime

0-50

Section 337 Seminar 2018

PPM Modulation Format

Transmitted Laser pulse train

T, - laser pulse width

EEE N |

Guard time

T, - slot-width
M - PPM alphabet size, 16-128

Utilizes timing of pulse emission to
transmit multiple bits of information per
pulse

By increasing M, the laser PRF is
lowered (more energetic pulses) and
channel capacity (bits per second) is
traded for channel efficiency
(bits/photon)

20



JPL DSOC Downlink Laser Design

California Institute of Technology

Master Oscillator Power Amplifier (MOPA)

— Utilizes current fiber optic telecom based technology at 1550 nm
- DFB seed laser, external E-O modulator for high pulse extinction ratio
- Co-doped Er-Yb fiber amplifier using high reliability de-rated and redundant pump diodes, PM output
- High efficiency, high peak power
- Non-linearity management with pulsed seed laser to increase linewidth (chirp), LMA fiber in final stage
- Full telemetry for system monitoring — SBS, ASE, LOS

/ Laser Transmitter Assembly \

N4 Power Amplifier S

I

1

! ASE Filter

== —>
| p |:| Stage 2 1so.
1

1

1

1

1

1

1

1

1

/ Master Oscillator

\
1
:
1
1
Seed Modulator :
Laser H
1
1
1
1
1
1
1

Optical Interface
To Optical Head

Fiber
T Output

Data :f Signal Conditioner and ) SM Pump Diodes

Cmd./Tel. < »| Control Electronics MM Pump

Analog Tel. €—y—_ ) /.' S »| Diodes )

.__A_____ A L’ S = s
Interlock Power Thermal Interface and Mechanical Mount
Interface

D Passive optical component
D Active electro-optic component
D Electrical component

6/23/2020 Section 337 Seminar 2018



JPL DSOC Downlink Laser Prototype

California Institute of Technology

Electronics
Module
2 S

AN
Optical
Module

V AN \\ \

Modulators
Seed laser

A

£

<
Splitter D@elay

6/23/2020 Section 337 Seminar 2018

Stage 2 powé&r amplifier

Courtesy of Fibertek



AP0 DSOC Downlink Laser Test Results

Jet Propulsion Laboratory
California Institute of Technology

* Pulse format e i
- PPM 16-128, 0.5 — 8 ns with min/max test pattern, ~ 4W N n_n n

12 0.5 ns and vary PPM order 55 ___PPM 128 and vary pulsewidth_

A
v

2ns$

PPM 128

0.5ns

Detected Voltage (V)
>
Detected Voltage (V)

02" 1\ ‘ ]
l'«« e 5
0 3 O ‘Au T T = - . =y S

%o 0 50 100 150 200 250 300 350
Time (ns)

Time (ns)

* Output power * Spectra

5 T T

—®—PPM 16,0.5ns
—A—PPM 16, 8 ns
—®—PPM32,0.5ns
44| —*—PPM64,0.5ns

PPM 64, 1 ns
—m— PPM 128, 0.5 ns fixed
—v—PPM128,0.5ns
—4—PPM128,2ns

PPM 128, 8 ns

20t ‘ J Ap =1550.25 nm : j
wp =0.:5ns, vary PPM order
Pavg = 4W. .

0
15'00 20'00 25'00 3000 %Q:‘ 40 1 5‘45
Pump Current, mA Wavelength (nm)

Section 337 Seminar 2018
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JPL Laser Component Qualification

California Institute of Technology

Class D mission: Laser transmitter components qualification: up-screened Telcordia certified.

Comparison of Telcordia testing and NASA requirements.

Test CZ‘:TI‘?;::I,‘ Telcordia Module NASA Requirement
(GR1221) (GR468) (GEVS)

500 g, 1 ms,

5 x/axis

300 g, 3 ms,

5 x/axis (< 0.2kg)
50g, 11 ms,

5 x/axis (0.2-1kg)

20-2,000 Hz, 20-2,000 Hz
Vibration 20 5-50Hz1.58, 20 g,,,,, (component)
Brms/ 50-500Hz, 3 g 14.1g,__ (subsystem)
4 x/axis .
10 g,,,s (workmanship)

Thermal Cycle -40 to +70°C, -40 to +70°C, -10 to +55 °C (controlled)
(survival) 100 cycles 100 cycles -65 to +125 °C (uncontrolled)

Lifetime - 5000 hrs. at 85°C Mission dependent

Mechanical Shock 500 g, 5x/axis 10-4000 g*

* frequency and payload dependent

What's needed:
Radiation tolerance, vacuum operation, pyroshock, system level environmental testing

Section 337 Seminar 2018



JPL Environmental Analysis and Testing

California Institute of Technology

Structural Analysis of Opto-Mechanical Design Radiation Test Results

Original commercial fiber

© 2/19/15, 5.4 Krad

-=-1/15/15. 5.4 Krad

= :
& ”? 1/8/15, 2.7 Krad i ®
e 35+
; E -&-Pre test @
Frequency ASD Level (g4/Hz) g 30+ -
(Hz) Qualification Acceptance 9 284
20 0.026 0.013 < Power reduction af 8 A pump curren,
20-50 +6 dB/oct +6 dBloct § 20 compared o pre test power afler each
50-800 0.16 0.08 & 45 i measurement
800-2000 -6 dBJoct -6 dB/oct ik V81521 Kied 13%
2000 0.026 0.013 05 + 2/19/15, 5 4 Krad 18%
Overall 14.1 Gms 10.0 Gyms .
o 0 1 2 3 4 5 6 7 8 9
Power Amp Pumping Diode Current (A)
Thermal Analysis of Opto-Mechanical Design
Radiation hardened fiber design
6.0
55
w-4th test (21.3 Krad)
50 ~=-3rd test (10.7 Krad)
g 45 #-2nd test (5 4 Krad)
P 1st test (2.7 Krad) X
§ 40 ~a-Pre tes!
o
5 35
B
& 30
-3
§ 25 | Power reduction at 8 A pump current, compared
§ 20 10 pre test power after each test
« Dominant heat-d|SS|pat|ng component Is stage 2 s 1stlost (2.7 Krad) 23%
. 2nd test (5.4 Krad) 4.5%
pump lede 10 | 3rd test (10.7 Krad) 79%
4th test (21 3 Krad) 12 2%
H 0S5
* Mounted on baseplate near radiator -
00 10 20 30 40 50 60 70 80 90

Power Amp Pump Diode Current (A)

Extended “burn-in” under stress conditions
» Under accumulated dose of 5 krad (20krad with shielding)

* 200 + hours TVAC reliability test passed rad hard fiber has lower power loss - 4.5% compared to 18%.

Performance demonstrated in environmentally qualified package

Courtesy of Fibertek



prm'@ Example Laser Integration — OPALS

Configuration
---------------------------- e
OPAL§ Sealed Container Viacuum AVIM Gore Spacetiot
Compatble connectors Fiber Optic Cabée
Fe«!ﬂtrough (preconditionsd)
l with SMF-28 fiber

/ Fidee
@'q_g.g’-;_i_ﬁ a} — Condut

FIBER
CABLING

1. Camera and 2. Downlink
Camera Optics Collimator

3. Structure, Mounts, Thermal, Cabling

,,,,,, OPTICAL e On orbit

%0 loopnetien WM IINDERTLEDAITS SUARARIIRPTNTY \mplifier
Pre-Vibe Data On-Orbit Data H EAD 20001
2000 | 4
Mean = 2408 +/- 20 Mean = 2411 +/- 23 .
2 z
as-) 1500 - > °;’- 1500 |
H
8 .
El No degradation after £ Laser Off
£ 1000 [ . 2 10004
3 4 mon ops on orbit 3
500 500 26
Pre-amplifier
Seed Laser
o771 T/ T T T

T T T T
12:00 14:24 16:48 19:12

Time, s Section 337 Seminar 269i68 Time, min:sec



JPI: DSOC Downlink Laser Risks

California Institute of Technology

Things to be concerned about for lasers operating in space:

Seed/pump laser packaging
— Semiconductor bond wires

- Hermiticity

— Fiber alignment

« High power densities for pump laser diodes

« Optical feedback into fiber amplifier

« Radiation effects for optical fiber

« Data dropouts from electrical interface, transient gain spikes
« Cleanliness of fiber connectors

« But - no free space optical alignment

6/23/2020 Section 337 Seminar 2018



JPL

Jet Propulsion Laboratory
California Institute of Technology

2/15/16

DSOC Uplink Laser

Section 337 Seminar 2018
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JPL DSOC Uplink Laser Functional Description

California Institute of Technology

- Multi-kW class average power to support beacon tracking and uplink comm. channel

. . . pmmm———— T e = isiti
Uplink Signaling: :' A r Acquisition Sync Pattern

—|_|_|_'_| Fixed low rate command channel
| 1 (2-PPM) + 100% guard-time
* Multiple lasers to decrease power density on transmit optics and mitigate atmospheric effects

4]

5 |

Uplink telescope Coudé path with multiple laser beams Multiple uplink beams exiting telescope, at 1.6 km range and superimposed

« Baseline 500 W per laser with 10 independent laser sources (plus 2 spares)
* High peak to average power possible: Py., = M.P,,, for m-ary PPM

- Fiber based systems investigated due to robustness, low complexity and cost
* Leverage high power commercial technology = A = 1064 nm
* Master Oscillator fiber Power Amplifier design
+ CW seed laser for narrow linewidth
* Pulsed pump lasers for low rate modulation

* Pulsed High power demonstrated in COTS industrial lasers but not with narrow linewidth
Section 337 Seminar 2018
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S0 Commercial kW Class Fiber Lasers

Jet Propulsion Laboratory
California Institute of Technology

High power fiber laser oscillators
- Fiber Bragg gratings integrated in fiber to form
cavity
- High power, reliable broad area pump diodes

- Laser linewidth ~ 2 — 5 nm
- Single mode powers up to 100 kW have been : coome |
demonstrated i

Rare earth doped
single-mode core

single-mode cladding
= signal
r=nfrared spectrum of Fiber Lasers 9
Multi-mode multi-mode pump light
. is absorbed by ytterbium atoms in the
b Ytterbium pump light single-mode core
100kW ;
Fiber Lasers
- 100kW
10kW +
= 20 kW sm
1kW d Erbium Thulium
Fiber Lasers Fiber Lasers
- 200W - 200W
100W + )
Mid IR Lasers
—20W

10W o

1w «
0.1W A

1
1um 1.2um 1.5um 1.8um 2um 5um

To get narrow linewidth kW class powers need design change to MOPA architecture
2/8/15 Section 337 Seminar 2018

fiber laser

amplified
single mode
signal
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JPL

Jet Propulsion Laboratory
California Institute of Technology

DSOC Uplink Laser Design

Parameter

Average power, W
Modulation Scheme

Single Element 500 W Laser

CW Amplified Seed Laser \

Laser
Driver

I—»

Key Requirement

500 (5,000 total)
B-PPM, 25 % DC
65
<8
1064
<0.2
>13
<1.2

Low rate modulation

[ Safety Interlock]

Pulsed Amplifier \

1064 nm »
DFB *

Seed

* If needed for
short pulse
operation

Multi-stage Yb —fiber Amplifier

Mode
Field
Adaptor

Tap coupler

o

Section 337 Seminar 2018

Dual clad Yb
doped Fiber
Pump / \
Lasers
Pump End cap-
Combiner Output
Collimato

J
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SPL Uplink Laser Development

California Institute of Technology

Dual Clad Yb Fiber Amplifier

gSOO C::; . |
« SBIR breadboard development : M“w WHL
« Designed for short pulse modulation and 1030 nm £ Pump Laser
# 100 H
« High power demonstrated under modulation Modulation
« P4 =500 W in free space beam coupled system e+ S
s P,g~200 W in fiber based system, limited by fiber 3 — I B
nonlinearities s ?
« Good beam quality with LMA 30/400 um output fiber 5 |
o Narrow linewidth (0.2 nm) at low power only s -
S 1
« High wall-plug efficiency ~ 15 % 05 Output Spectrum
o Pulse energy variation ~ 25% ? P e " - nested modulation
« Random polarization 500
: : : : 400
« Water cooling with 1.5 m delivery fiber S Free Space Signal
%00 Output Power
* o}
1 500W
Cb 100 200 300 400 500 600 700
Seed pump power(VV)

UPS seed box ——>
Payg = 267 W

2xPower Supplies &= )
50A, 30V =-

g Log Spectral Output
UPS HP Diode drivers 2 -4

High power amp
housing

1000 1020 1040 1060 1080

wavelength (nm)

Chiller E

P Diode tray
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Uplink Laser Development

Photonic Crystal Fiber

|' 404200 PM Ybb

PCF Fiber

Oiptical Engines —24m
Etched Air Taper : R.e |
& +1 to 1 Combiner ~17dB Gain ump Removal
wow Tap Coupler Free Space
MFA

Caollimation

Assembly

— Output
10/125um ) 3mm Beam Dia
PM bare fiber A S00W  MEI=12
Input Deeston
Ccrut
Inberiock Inpet |
usB
Controller Pump Laser 976nm Laser Pumps
DE Input C‘W?on:lgzsec 6x 105W Approx EﬂEc:i;s;;m X Sem
48V.124 ol 105/125 22NA PP g
risetime Black Anodized
Analeg Input

« Increase mode size with tailored gain region
« Designed for short pulse modulation and 1030 nm

o Moderate power demonstrated under modulation
e P,g =100 W limited by modal instabilities
o Developed custom pump combiners

air cladding

multimode
purmp cladding

active core

protective
coating

Gain tailored 30/400 um PCF Geometry

PCF Amplifier — 1030 nm, 100 W, 2 kHz

+ 100 kHz, 200nsec exponential shape with bias
+ 20m 40/500 PCF, 95% Pump Efficiency
* Qutput: 105W, 100ns, 1.05 mj, ~50% Slope Eff.

1030nm Core Output Power

« Ongoing SBIR development

120
100

« Goal of P,,4 = 500 W with low rate modulation and ~
25% duty cycle

80
60
40

« Water cooling with free space output

20

Core Output Power (W)

o
0 50 100 150 200 250

Launched Input Power (W)
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Future Downlink Laser Development

- Multi-wavelength high power transmitter

Laser

Master Ay Intensity
Laser Modulator [ = = i""’DM
I
i
Master | L, | Intensity J I
Laser Modulator | | o
! °
I 2
Master 11 Intensity Iy E
Laser Modulator : o
r ©
I
. =
Master | _ Ay, | Intensity !

Modulator

Magnitude

4At > {- -T
§(D,~|'D (R L]

i/ mERESRRNNSRY N NN A
NN NN NNENEW waweld EES

NREEAEE NRNEAREEN NEY AR

Time

Reduces the electronics BW bottleneck
- Allows increased data rate
Decreases the peak power in each channel: Py, =M P, /w
Need to ensure different wavelengths do not overlap in time
> 50 W average power downlink laser transmitter demonstrated with 8 channels

- Supports high (100 Mbps) data rates from ~ 2.6 AU.
Compact, high efficiency transmitter

Photonic Integrated Circuits

LEO network constellation of satellites

Section 337 Seminar 2018
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prm'@ Future Uplink Laser Development

- Compact, reliable high power fiber laser transmitter with narrow linewidth

500 watt Ytterbium Fiber Laser

- Nested high rate modulation scheme
- Inner high rate modulation (PPM8 + 4) for comm: t, = 128 ns, data rate: 2.9 — 368 kbps
- Outer low rate modulation for acquisition: 65 ps slot, 2 kbps
- High peak power
- Allows high resolution optical ranging

Ava low rate PRF ~ kHz

E Guard-time E BPPM
[ I [

‘ Avg High rate PRF- 4 — 500 kHz
+——
HJ 16-ary PPM
II|III 1Ll 1]

—rr
MT. NG =128 ns

DTULUUI UU T OTIHTHTIAI £V 36




Jp'— DSOC Lasers Summary

« Laser transmitters being developed for Psyche Mission to demonstrate
deep space optical communications from > 1 AU

« Downlink laser transmitter has been developed to meet specifications in
robust package

— Multi-Watt average power and high peak power fiber based MOPA
with narrow linewidth that leverages telecommunications technology

« Uplink lasers required for beacon reference and low rate commanding
— KW class output powers with narrow linewidth under modulation

Section 337 Seminar 2018
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